OBJECTIVE -To determine whether daily intake of 1␣,25-dihydroxyvitamin D 3 [1, 25(OH) 2 D 3 ] is safe and improves ␤-cell function in patients with recently diagnosed type 1 diabetes.
T ype 1 diabetes results from autoimm u n i t y a g a i n s t t h e i n s u l i nproducing ␤-cells of the pancreatic islets (1) . A treatment that could stop or decrease autoimmune destruction of ␤-cells would provide substantial progress in type 1 diabetes therapy and could potentially be effective in preventing type 1 diabetes in individuals at high risk of developing the disease (2) .
A multinational case-control study and a birth cohort follow-up study from Finland with prerecorded exposure data (3, 4) have concluded that vitamin D 3 supplementation at birth protects individuals from type 1 diabetes later in life, and these conclusions are supported by meta-analysis (5) . Others report lower serum levels of 1␣,25-dihydroxyvitamin D 3 [1, 25(OH) 2 D 3 , calcitriol] in patients with recently diagnosed type 1 diabetes than in healthy control subjects (6) , although this finding is inconsistent among studies (7) . M e c h a n i s t i c s t u d i e s s h o w t h a t 1,25(OH) 2 D 3 modulates dendritic cell maturation in vitro and in vivo (8 -12) and facilitates a shift from a Th1 to a Th2 immune response (13) . Furthermore, studies in the nonobese diabetic (NOD) mouse show that 1,25(OH) 2 D 3 reduces the incidence of insulitis and diabetes (14) . Vitamin D 3 has also been shown to have beneficial effects on insulin action (15) , although a recent large study found no association between serum vitamin D concentration and insulin secretion or action (16 (17) . The results of this study were somewhat inconclusive, showing no difference between the two arms with respect to ␤-cell reserve, but a modest and transient reduction in insulin requirement in the group receiving calcitriol at the dose used. To determine whether 1,25(OH) 2 D 3 could be used at higher overall doses in patients with type 1 diabetes and whether this could reduce ␤-cell loss after type 1 diabetes onset, we performed a two-phase study assessing safety as well as efficacy.
RESEARCH DESIGN AND
METHODS -Patients with recentonset type 1 diabetes were referred for participation in the study from hospitals or outpatient clinics in Bavaria, Germany, between November 2000 and 2006. They were selected according to the following criteria: they were 18 -39 years of age, had been treated with insulin for less than 2 months (62 days), had a positive result on testing for islet autoantibodies (anti-GAD antibodies or anti-IA-2 antibodies), had plasma levels of calcium, phosphate, alkaline phosphatase, and creatinine within the normal ranges, and were compliant with insulin treatment. Exclusion criteria were disorders in calcium metabolism, kidney diseases, malignancy, and arterial hypertension. Pregnant or lactating women were excluded, and female patients with child-bearing potential had to practice an acceptable contraceptive technique from enrollment until 30 days after the last dose of study drug. Written in- formed consent was obtained from each patient. The study was conducted at the Diabetes Research Institute, Munich, Germany, and was approved by the ethics committee of the Medical Faculty at the Ludwig-Maximilians University, Munich, Germany.
The study had two phases. The first was designed to assess safety at the dose selected for investigation. It was an open study that included 25 patients (median age Ϯ SD, 31.2 Ϯ 7.3 years; 14 men) who received treatment with 0.25 g 1,25(OH) 2 D 3 as Rocaltrol (F. Hoffmann-La Roche, Basel, Switzerland) daily at breakfast for 9 months and were followed for a total of 18 months (9 additional months after treatment). Safety parameters (plasma levels of calcium, phosphate, alkaline phosphatase, and creatinine and urinary calcium excretion) were measured at study entry and at 1, 2, 3, 4, 5, 6, 7, 8, 9, 12, and 18 months. Kidney sonography was performed at study entry and at 9 and 18 months.
The second phase was subsequently performed to assess the effect of the study drug on residual ␤-cell function via a phase II, monocenter, randomized, double-blind, placebo-controlled study. Forty-one patients were screened, and 40 of these were randomly assigned to oral 0.25 g 1,25(OH) 2 D 3 (n ϭ 22; median age Ϯ SD 31.4 Ϯ 6.8 years; 16 men; median days after diagnosis 35.0) or oral placebo (n ϭ 18; age 24.0 Ϯ 6.0 years; 13 men; median days after diagnosis 40.0) daily at breakfast over a 9-month period. Randomization was performed by an independent pharmacy (Bastei-Apotheke, Munich, Germany), and the study medication was sent coded to the Diabetes Research Institute. Patients returned to the study center to receive their study drug supply and have efficacy and safety assessments performed at 0, 1, 2, 3, 4, 6, 7, 9, 12, and 18 months for safety, A1C, and insulin dose, and at 0, 9, and 18 months for a mixed-meal tolerance test (MMTT) and kidney ultrasound.
In both phases of the study, patients continued their normal insulin regimen as intensive insulin therapy, unless changes were clinically indicated. To avoid possible confounding through differences in glycemic control among the groups, diabetes management and glycemic targets were standardized as much as possible in all patients. Patients with A1C levels Ͼ8% had additional contacts with the study investigator to improve their metabolic control. 
Safety parameters
Safety parameters included laboratory tests (plasma calcium, phosphate, creatinine, and alkaline phosphatase and urinary calcium excretion in 24 h), ultrasound of the kidneys at baseline, month 9 and month 18, and documentation of adverse events and concomitant medication. Laboratory tests were performed centrally at the Institute for Clini c a l C h e m i s t r y o f t h e K l i n i k u m Schwabing using accredited methods. 1,25(OH) 2 D 3 concentration was measured in an accredited laboratory by radioimmunoassay (MVZ Prof. Seelig, Karlsruhe, Germany).
End point assessment during second phase The primary efficacy variable was the area under the curve (AUC 0 -120 min ) Cpeptide (AUC C-peptide) of a MMTT at 18 months. The MMTT (Boost High Protein from Novartis in an amount of 360 ml) was administered to collect stimulated C-peptide samples (0, 30, 60, 90, and 120 min) at baseline, at month 9 immediately after the end of treatment, and at the final visit at month 18. Secondary efficacy variables were the peak C-peptide after MMTT at 18 months, daily insulin intake, and glycemic control, assessed by A1C levels. C-peptide concentrations were measured in Trasylol-stabilized EDTA plasma samples using an automated immunoassay analyzer (AIA 360; Tosoh, San Francisco, CA). The interassay coefficient of variation of the C-peptide assay is 4.2% at a concentration of 0.71 nmol/l and the lower limit of detection is 0.07 nmol/l. A1C was measured centrally by high-pressure liquid chromatography. Antibodies to insulin, GAD65, IA-2, and ZnT8 were measured by radiobinding assay as described previously (18) . All measurements were performed with the operator blinded to group assignment.
Statistical methods
For the analysis of safety, data from the first (safety) and second (efficacy) component of the study were combined, and all subjects who had at least one baseline and postbaseline measurement of safety parameters were included. For the analysis of efficacy, all randomly assigned patients who had taken at least one dose of study drug and had some postbaseline data for the primary efficacy parameter (AUC Cpeptide) were included. Comparisons between groups and between baseline and follow-up time points were made using parametric tests (t test). With the assumption that the AUC C-peptide values would decrease by 40% over 18 months in the placebo-treated group, the efficacy phase of the study had 50% power to detect 50% preservation of AUC C-peptide after 18 months. All hypotheses testing was two-sided and performed at the 5% significance level.
RESULTS

Safety assessments
Forty-one of 47 patients who received study drug and all 18 patients receiving placebo completed the 18 months of follow-up (Fig. 1) . Plasma and urinary excretion calcium values did not change significantly during treatment in both groups (Fig. 2) . Plasma calcium and 24-h urinary calcium excretion values were above the reference range in 1 and 16.6% of samples, respectively, from the treatment group and 3.7 and 15.9% of samples from the placebo group. During the safety phase, the study drug dose was temporarily halved in some patients who had elevated urinary calcium excretion values, but this had no effect on urinary calcium excretion. Moreover, these patients did not have elevated serum calcium. There were no signs of renal calcification during the safety phase. All other safety parameters were within reference ranges and did not differ between the treatment and placebo groups (Table 1 ). Serum concentrations of 1,25(OH) 2 D 3 increased after 9 months of treatment (24.6 vs. 30.3 pg/ml; P ϭ 0.02; n ϭ 13 patients in the safety recruitment phase only).
Adverse events reported by at least 10% of patients were upper respiratory tract infections and rhinitis. The frequencies of adverse events in the 1,25(OH) 2 D 3 treatment group (23 in 10 subjects) and in the placebo group (13 in 6 subjects) were comparable. One patient experienced a cholelithiasis with cholestasis, which was considered to be a serious adverse event but not drug related. No other clinically significant adverse event was reported.
Efficacy phase
Of the 40 randomly assigned patients, 38 completed the study and two discontinued for private reasons (Fig. 1) . Only 4.7% of dispensed tablets were returned (4.4% treatment and 5.1% placebo). The treatment and placebo groups were similar in terms of age, duration of disease, ethnicity, and baseline C-peptide concentrations ( Table 2 ). The mean AUC Cpeptide at month 9 and 18 and the change in the mean values from baseline to month 18 were comparable in the treatment and the placebo groups (Table 2 and Fig. 3 ). Both groups had ϳ40% decreases in mean AUC C-peptide from start of treatment to end of follow-up at 18 months. Eleven patients maintained their AUC C-peptide above baseline values at 9 months (6 treatment and 5 placebo) and 1 patient (treatment) had an AUC C-peptide above baseline at 18 months. Similarly, the fasting C-peptide and the mean peak C-peptide at baseline and at month 9 and 18 in the treatm e n t a n d p l a c e b o g r o u p s w e r e comparable with ϳ40% decreases over 18 months ( Table 2) .
The average insulin requirement per day and per kilogram body weight and A1C were similar between the treatment and placebo groups throughout follow-up (Table 2, Fig. 3 ). The mean A1C remained Ͻ6.5% from month 2 of follow-up in both groups, and the proportion of patients who reached an A1C Ͻ6.5% at 18 months was 55% in both groups.
No differences between treatment and placebo groups were observed for the titer of insulin antibodies, GAD65, IA-2, and ZnT8 autoantibodies (not shown).
CONCLUSIONS -1,25(OH) 2 D 3 at full dose was used for the treatment of autoimmune diabetes in a trial that included adult patients with recent-onset disease. 1,25(OH) 2 D 3 at a dose of 0.25 g/day proved to be well tolerated. There were no significant safety issues and most adverse events were considered mild or moderate and unrelated or unlikely to be related to the study drug. Treatment with 1,25(OH) 2 D 3 , however, provided no protection against the decline of ␤-cell function after diabetes onset, as measured by fasting or stimulated C-peptide and did not improve insulin requirement or metabolic control. These data do not support the use of 1,25(OH) 2 D 3 to improve diabetes treatment in adult patients with type 1 diabetes.
Previous observations in the NOD mouse showed beneficial effects of 1,25(OH) 2 D 3 in delaying autoimmune diabetes when the drug was given early (14) but not late during pre-diabetes (19) . In humans, administration of the less active 1-␣-hydroxyvitamin D 3 in infancy was reported to reduce type 1 diabetes risk (3, 4, 20) . Administration of 1-␣-hydroxyvitamin D 3 was also recently found to partially preserve ␤-cell function in patients with latent autoimmune diabetes (21) . Finally, it was demonstrated that the beneficial effect of 1,25(OH) 2 D 3 on ␤-cell preservation was similar to that of nicotinamide when given soon after onset of type 1 diabetes at a lower dose than that used in our study (17) . Our data are in line with those for the NOD mouse in concluding no benefit when given late in the disease, i.e., at diabetes onset. Although numbers in the trial were relatively small, there was complete overlap for the primary and secondary outcome markers between treatment and placebo groups. Moreover, both groups were very similar in their decline in basal, peak, and AUC C-peptide after a MMTT as was recently reported for the NBI-6024 trial of 188 patients with new onset diabetes (22) .
The dose tested in our study is likely to be the maximum tolerable dose. The serum 1,25(OH) 2 
